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Available online 16 March 2008AbstractA next-generation drilling system, equipped with a thermal drilling device, is proposed for glacier ice. The system is
designed to penetrate glacier ice via melting of the ice and continuously analyze melt-water in a contamination-free sonde.
This new type of drilling system is expected to provide analysis data in less time and at less cost than existing systems.
Because of the limited number of parameters that can be measured, the proposed system will not take the place of conventional
drilling systems that are used to obtain ice cores; however, it will provide a useful method for quickly and simply investigating
glacier ice.
An electro-thermal drilling device is one of the most important elements needed to develop the proposed system. To estimate
the thermal supply required to reach a target depth in a reasonable time, laboratory experiments were conducted using ice
blocks and a small sonde equipped solely with heaters. Thermal calculations were then performed under a limited range of
conditions. The experiments were undertaken to investigate the effects of the shape and material of the drill head and heater
temperature on the rate of penetration into the ice. Additional thermal calculations were then performed based on the exper-
imental results.
According to the simple thermal calculations, if the thermal loss that occurs while heat is transferred from the heater to ice
(in melting the ice) is assumed to be 50%, the total thermal supply required for heaters in the sonde and cable is as follows: (i)
4.8 kW (sonde) plus 0 W (cable) to penetrate to 300 m depth over 10 days into temperate glacier ice for which the temperature
is 0 C at all depths and to maintain a water layer along 300 m of cable; (ii) 10 kW (sonde) plus 19e32 kW (cable) to penetrate
to 1000 m depth over 1 month into cold glacier ice for which the temperature is 25 C at the surface and 0 C at 1000 m depth
and to maintain a water layer along 1000 m of cable; and (iii) 19 kW (sonde) plus 140e235 kW (cable) to penetrate to 3000 m
depth over 2 months into an ice sheet for which the temperature is 55 C at the surface and 0 C at 3000 m depth and to
maintain a water layer along 3000 m of cable. The thermal supply required for the cable is strongly affected by the thickness* Corresponding author.
E-mail address: yuko@mail.kankyo.tohoku.ac.jp (Y. Suto).
1873-9652/$ - see front matter  2008 Elsevier B.V. and NIPR. All rights reserved.
doi:10.1016/j.polar.2008.02.002
16 Y. Suto et al. / Polar Science 2 (2008) 15e26of the water layer, cable diameter, and the horizontal distance from the ice wall at which the ice temperature was maintained at
its initial temperature. A large thermal supply is required to heat 3000 m of cable in an ice sheet (scenario (iii) above), but
penetration into glacier ice (scenarios (i) and (ii) above) could be realistic with the use of a currently employed generator.
 2008 Elsevier B.V. and NIPR. All rights reserved.
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Fig. 1. Conceptual model of a next-generation exploratory drilling
system for glacier ice.1. Introduction
Existing methods for the direct exploration of gla-
cier ice involve drilling into the ice, continuous coring,
and subsequent analysis of the ice cores. There are two
current methods of core drilling: electro-mechanical
and electro-thermal. New electro-mechanical drilling
technologies have recently been developed to enable
the deep coring of glacier ice, and research groups in
many countries have developed drilling tools (e.g., Fujii
et al., 2002; Kudryashov et al., 2002; Takeuchi et al.,
2004). The electro-mechanical drill developed in Japan
(Fujii et al., 1990; Narita et al., 1995; Takahashi et al.,
1996, 2002; Tanaka et al., 1994) has already provided
good performance: the 48th Japanese Antarctic Re-
search Expedition (JARE-48) succeeded in reaching
a depth of 3,035 m in 2007 using such drill technology
(Motoyama, 2007).
The glacier ice-core sampling method is an impor-
tant approach in investigating glacier ice, and is likely
to retain its role in the future because it enables the
direct observation of glacier ice; however, the method
is time- and capital-intensive because it requires a mas-
sive drilling device, an expensive drilling cost, and long
drilling and analysis times. To address these limitations,
we propose a next-generation drilling exploration
system for glacier ice (Fig. 1). In this system, a sonde
penetrates the glacier by melting the ice. The melt-
water is then taken into the sonde and analyzed imme-
diately. A contamination-free melt-water sample is
obtained because antifreeze liquid is not employed in
the process. Although a limited number of parameters
can be measured, the system enables a simple and rapid
analysis. This is useful in those cases when, for exam-
ple, drilling and analysis must be completed in a short
time upon warm glacier ice, or when a rough investiga-
tion is needed during horizontal drilling from a vertical
hole after coring. Candidate parameters for analysis
using such a system might be electrical conductivity,
pH, dust concentration, and the concentrations of
selected ions.
In the proposed system, an electro-thermal drill is
employed to penetrate the glacier by melting the ice.
In previous studies of electro-thermal drilling,a cartridge heater was set in the central axis of the
head for non-coring electro-thermal drilling (Korotke-
vich and Kudryashov, 1976; Philberth, 1976; Taylor,
1976), whereas for electro-thermal coring, ring- or spi-
ral-shaped heater elements have been employed as elec-
tric heaters fitted to the end of a core barrel (Bird, 1976;
Narita et al., 1994; Paterson, 1976; Suzuki, 1976;
Suzuki and Takizawa, 1978). Because the aim of the
proposed system is to analyze the melt-water sucked
into the drill during the drilling operation, it is not pos-
sible to fit a cartridge heater to the central axis of the
drill head, as in conventional non-coring thermal dril-
ling. Moreover, much more heat energy is needed for
our proposed method than for conventional thermal cor-
ing because circular cross-section melting is required,
whereas only annular melting is required for coring.
Other studies have developed fluid-filled thermal
coring technology, in which the hole is filled with an
antifreeze fluid during drilling (e.g., an ethanolewater
solution) to prevent the hole from shrinking (Augustin
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dryashov et al., 2002; Zagorodnov, 1989; Zagorodnov
et al., 1994, 1998). In the proposed system, however,
antifreeze fluid cannot be used because of the potential
contamination of melt-water when it is sucked into the
drill. As stated above, the concept and performance re-
quirements of the melt-drilling device in the proposed
system are markedly different from those for previous
thermal drilling methods.
Our first step in developing an electro-thermal dril-
ling device was to estimate the thermal supply required
for the sonde‘s heaters to melt ice and prevent melt-
water from re-freezing, thereby attaining the target
depth in a reasonable time. For this aim, we performed
laboratory-based melt-drilling experiments and simple
thermal calculations. The ice melt-drilling experiment
was conducted using a small sonde to investigate the
effects of the heater temperature and shape and mate-
rial of the drill head on the rate of penetration into
the ice. Numerical thermal calculations were per-
formed assuming the experimental conditions to esti-
mate the thermal loss and required thermal supply.
After comparing the experimental and calculated
results, we estimated the thermal loss during melt-
drilling and the thermal supply required for the sonde’s
heater and cable.
2. Laboratory experiments
The concept behind the proposed melt-drilling de-
vice is illustrated in Fig. 1. The sonde has a heater in
its wall and is hung by a cable. Electric power is sup-
plied to the heater via the cable, and the sonde pene-
trates the ice by melting it via heat produced by the
heater. The thermal supply to the bottom of the sonde
would not solely be used to raise the temperature of the
ice to its melting point and to melt the ice: thermal
losses occur in practice because of thermal conduction
within the bottom wall of the sonde, thermal conduc-
tion within the sonde wall from its bottom to its side,
and thermal flow in the ice that does not contribute
to penetration. These thermal losses should be consid-
ered in any calculations; however, it is difficult to esti-
mate each thermal loss individually. To investigate the
actual penetration rate and total thermal loss, we per-
formed a laboratory-scale melt-drilling experiment us-
ing a small replica sonde.
2.1. Experimental device and system
We constructed a small sonde with a diameter
scaled down to one-third that of the sonde proposedfor field drilling, and fitted it solely with heaters. To en-
able changes in the shape and material of the bottom
part of the sonde, it was constructed of bottom and
side parts (Fig. 2). The side part, made of steel, was
50 mm in diameter and 150 mm in length, with
a wall thickness of 10 mm. Two types of bottom part
were used: one made of steel and with a flat bottom
(F) and bottom-wall thickness of 5 mm, and the other
made of copper and with a conical bottom. The height
of the cone used in the conical-type bottom part was
5 mm (CL: lower cone) or 40 mm (CH: higher cone).
The maximum diameter of these bottom parts was
50 mm. The bottom part was connected to the side
part; a steel coupler (see Fig. 2) was used to connect
the conical-type bottom part to the side part. The top
of the sonde was equipped with a metal tube to protect
the cables required for the heaters and thermocouples.
The maximum total height of the sonde and protective
tube was 370 mm (when equipped with the CH drill
head).
Heaters were fitted on the inner walls of the bottom
and side parts. For the bottom part, we used a 10 W/cm2
watt density mica heater that was 38 mm in diameter
and 1 mm thick. For the side part, we used a
0.8 W/cm2 watt density, flexible silicon rubber heater
of 110 95 mm in size. Thermocouples were fitted to
the center of each heater to regulate temperature. The
side heater was fitted on the side wall in a cylindrical
shape of 30 mm diameter and 110 mm height. Accord-
ingly, the side heater was fitted only to the section of
wall extending 90 mm upward from the boundary
between the side and bottom parts; the upper part of
the sonde had no attached heater (Fig. 2).
2.2. Melt-drilling experiment
An ice melt-drilling experiment was carried out
using the replica sonde in a freezer, for which we
measured the penetration depth. The force applied in
penetrating the ice was limited to the weight of the
sonde itself, which was about 2 kg. The internal volume
of the freezer was 350 450 500 (height) mm. The
size of the ice block was 220 270 130 (height)
mm, which was limited by the height of the experimen-
tal device. The initial temperature of the ice was
20 C and the temperature of the freezer was main-
tained at 20 C during the experiment. The experi-
mental conditions for the bottom heater temperature
Tbottom were 65 or 85
C, and those of the side heater
temperature Tside were 10, 30, or 50
C. A summary
of the experimental conditions employed in each of
the runs is provided in Table 1.
Thermocouple to monitor
the temperature of the heater
Mica heater
(Bottom heater)
   38 mm
Rubber heater
(Side heater)
   30 x 110 mm
Coupler
5mm
5mm
40mm
Flat type
Material: Steel
Cone type
Material: Copper
50 mm
16
0 
m
m
90
 m
m
30
 m
m
Side part
Bottom
part
Fig. 2. Schematic illustration of the replica sonde prepared in this study. The sonde is made up of head and side parts. Three different head parts
were considered. The left-hand head part is a flat-type head made of steel, whereas the middle and right-hand parts are cone-type heads made of
copper. The height of the middle cone is 5 mm, and that of the right cone is 40 mm. The head is connected to the side part of the sonde (the cone-
type heads require a coupler). The gray layer at the bottom of each head represents the bottom heater. The total weight of the sonde was about
2 kg.
Table 1
Experimental conditions employed in different runs and average
penetration rates
Run Drill-head shape
(material)
Tbottom
(C)
Tside
(C)
ROP
(cm/h)
F-65-10 Flat (steel) 65 10 4.8
F-65-30 30 7.6
F-85-10 85 10 7.1
F-85-30 30 9.0
F-85-50 50 11
CL-85-10 Lower cone
(copper)
85 10 3.4
CL-85-30 30 6.8
CL-85-50 50 8.4
CH-85-10 Higher cone
(copper)
85 10 10
CH-85-30 30 13
CH-85-50 50 15
The lower and higher cones have heights of 5 and 40 mm, respec-
tively. Tbottom, temperature of bottom heater; Tside, temperature of
side heater; ROP, rate of penetration.
18 Y. Suto et al. / Polar Science 2 (2008) 15e26The drilling charts in Fig. 3 show the relationship
between elapsed time and drilled depth under various
conditions. The average rates of penetration (ROP) in
these experiments are summarized in Table 1 and
Fig. 4.
In the experiment with the flat-type head (Fig. 3a),
the sonde ceased penetrating when Tside was 10
C
(Runs F-65-10 and F-85-10). Runs F-65-30 and F-85-
10 yielded similar ROPs, although in Run F-85-10
the sonde ceased penetrating. This result indicates
that the temperature of the side heater is equally as im-
portant as that of the bottom heater in terms of
penetration.
The experiments with a conical-type head (Fig. 3b)
were performed under a constant bottom temperature
of 85 C. In the experiment with a higher cone head,
ROP was very high during the period before the entire
cone had penetrated the ice (Fig. 3b); therefore, we cal-
culated the average ROP for this experiment using only
those data obtained after the sonde had penetrated to
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Fig. 3. Drilling charts compiled from the results of laboratory-scale
melt-drilling experiments using a replica sonde with (a) flat- and (b)
cone-type heads. In (a), open symbols indicate a bottom heater with
a temperature of 85 C; solid symbols indicate 65 C. The tested
temperatures of the side heater were 10, 30, and 50 C. In (b), all
symbols represent a bottom heater with a temperature of 85 C.
Black symbols indicate a cone of 5 mm in height; gray symbols in-
dicate 40 mm in height. The tested temperatures of the side heater
were 10, 30, and 50 C.
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extremely low, while that in the runs with the higher
cone was not dependent on the temperature of the
side heater. This result demonstrates that ROP was
most strongly influenced by the surface area of the bot-
tom of the sonde in contact with the ice. The surface
area of the higher cone in contact with the ice was
1.8 times that of the lower cone; the ROPs obtainedfor the higher cone were 1.8e3.0 times those for the
lower cone.
In comparing the ROPs achieved using the flat-type
head with those using the conical-type head (Fig. 4),
the ROPs of the higher cone are superior to those of
the flat type; the ROPs of the lower cone are the slow-
est among the three head types. This result reflects the
fact that ROP was affected by the length of side section
that was not fitted with a heater. Thus, simple compar-
isons of the performances of different materials and
shapes are not possible; however, there are strong indi-
cations that the higher cone made of copper was the
most useful type. ROPs obtained using the higher
cone were 1.4 times those obtained using the flat
type. Over the range of employed experimental condi-
tions, the maximum ROP was recorded in Run CH-85-
50 (Table 1 and Fig. 4).
3. Method of thermal calculation
We performed thermal calculations to estimate the
thermal loss in the laboratory experiment and the ther-
mal supply required for the sonde and cable when
used in the field. Fig. 5 shows a schematic vertical
cross-section through the concentric cylinders of the
sonde and surrounding ice. We performed separate
thermal calculations of melt-penetration in the vertical
direction (z-direction) and that of heat flow in a radial
direction (r-direction). The temperature of ice consid-
ered in this study ranges from 0 to 55 C. Within
this temperature range, the thermal conductivity of
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Fig. 5. Schematic vertical cross-section of a sonde and surrounding
ice, as assumed in our calculations. SUS: stainless steel; r: the distance
from the central axis of the sonde; to the inner surface of the sonde
wall (r1), to the outer surface of the sonde wall (r2), to the water-ice
boundary (r4), to ice unaffected by the thermal flow from the sonde
(r5). T1, T2, T4, T5: the temperature at each of these points; T3, T
0
3:
temperature of the melt-water layer immediately adjacent to r2, r4.
20 Y. Suto et al. / Polar Science 2 (2008) 15e26ice li, density of ice ri, and specific heat capacity of
ice ci are expressed by the following equations, re-
spectively, as functions of the absolute temperature
T (Thermophysical Properties Handbook, 1990):
li ½W=ðmKÞ ¼ 7:549 2:894 102Tþ 3:454
 105T2 ð1Þ
ri

kg=m3
¼ 917 1:032 1:17 104T ð2Þ
ci ½kJ=ðkg KÞ ¼ 0:185þ 0:689 102T ð3Þ
Similarly, the temperature of water is considered
within the range of 0e100 C. Across this temperature
range, the thermal conductivity of water lw, density of
water rw, and specific heat capacity of water cw are
approximated by the following equations, respectively,
as functions of the absolute temperature T using exist-
ing data (Thermophysical Properties Handbook,
1990):
lw ½W=ðmKÞ ¼0:60336:6103T8106T2
ð4Þ
rw

kg=m3
¼ 217:99þ 6:9107T 1:92 102T2þ2
 105T3 ð5Þ
cw ½kJ=ðkg KÞ ¼ 10:864 5:8 102Tþ 2 104T2
 2 107T3 ð6Þ3.1. Numerical calculation of vertical
melt-penetration
In the melt-drilling process, the bottom heater sup-
plies the heat required to raise the temperature of the
ice to 0 C and melt the ice to water at 0 C (latent
heat: 333 kJ/kg); accordingly, we applied the enthalpy
method in this numerical calculation. As shown in
Fig. 5, vertical depth is expressed as z. The 1-dimen-
sional unsteady heat transfer equation is described as
follows:
r
vH
vt
¼ v
vz

l
vT
vz

þ q ð7Þ
where H: enthalpy, T: temperature, r: density, l: ther-
mal conductivity, and q*: heat supply (from the heater
located at the bottom of the sonde in this study).
When enthalpy at the freezing point is assumed to be
0, enthalpy H is defined as follows:
H ¼ Uþ cwT ðT  0CÞ ð8aÞ
H ¼ ciT ðT < 0CÞ ð8bÞ
where U: latent heat, and cw, ci: heat capacity of water
and ice, respectively. Equation (7) was discretized using
a finite volume method (a control volume method) and
integrated for time using an explicit method. In Eq. (7),
q* exists for a cell in contact with the bottom of the
sonde but not for other cells. The enthalpy of each
cell is calculated at each time step. When the enthalpy
of a cell in contact with the sonde exceeds the latent
heat, the sonde penetrates to the next cell and the heater
on the bottom of the sonde begins to supply heat to the
newly exposed cell.
3.2. Calculation of heat flow in a radial direction
Thermal transfer from the side heater of the sonde
to the ice involved five steps: thermal conduction
within the wall of the sonde, heat transfer from the
sonde wall to adjacent water, thermal conduction in
the water layer, heat transfer from the water to the
ice, and thermal conduction within the ice. In the water
layer, thermal boundary layers exist adjacent to both
the sonde and ice, and thermal conductivity occurs in
the outer layer of each thermal boundary layer. In cal-
culating the forward heat flow in a radial direction, we
considered the following: (1) thermal conduction
within the wall of the sonde, (2) heat transfer from
the sonde wall to the water, (3) thermal conduction
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Fig. 6. Drilling chart calculated for various cases of thermal loss un-
der the following experimental conditions: ice temperature of
20 C, sonde diameter of 50 mm, and thermal supply to the bottom
heater of 113 W. Experimental results are shown for the flat-type
steel head and the conical-type copper head (the temperatures of
the bottom and side heaters were 85 and 50 C, respectively).
21Y. Suto et al. / Polar Science 2 (2008) 15e26within the water, (4) heat transfer from the water to the
ice, and (5) thermal conduction within the ice.
As shown in Fig. 5, the distance from the central axis
of the sonde is expressed as r, with the following dis-
tances being defined for a series of concentric cylinders;
r1: distance to the inner surface of the sondewall, r2: dis-
tance to the outer surface of the sonde wall, r4: distance
to the watereice boundary, and r5: distance to ice unaf-
fected by the thermal flow from the sonde (calculation
boundary). The temperature at each of these points
was defined as follows: T1: temperature at the inner sur-
face of the sonde wall (i.e., at r1), T2: temperature at the
outer surface of the sonde wall (i.e., at r2), T3: tempera-
ture of the melt-water layer immediately adjacent to the
sondewall (i.e., immediately adjacent to r2), T
0
3: temper-
ature of the melt-water layer immediately adjacent to
the ice wall (i.e., immediately adjacent to r4), T4: tem-
perature at the boundary between melt-water and ice
(i.e., at r4), and T5: temperature of distant ice (at r5)
where the ice temperature is unaffected by the sonde.
The thermal flows from the side of the sonde per unit
length during each of the processes (1)e(5) listed above,
Q1, Q2, Q3, Q4, and Q5, are defined as follows:
Q1 ¼ 2plsðT1  T2Þ=lnðr2=r1Þ ð9Þ
Q2 ¼ 2pr2h2ðT2  T3Þ ð10Þ
Q3 ¼ 2plwðT3  T03Þ=lnðr4=r2Þ ð11Þ
Q4 ¼ 2pr4h4ðT 03  T4Þ ð12Þ
Q5 ¼ 2pliðT4  T5Þ=lnðr5=r4Þ ð13Þ
where ls, lw, li: thermal conductivity of steel, water,
and ice, respectively; h2: thermal transfer coefficient
from the sonde wall to melt-water, and h4: thermal
transfer coefficient from melt-water to ice. The ther-
mal conductivity of steel is ls¼ 45 W/(m K), and
those of water lw and ice li are derived from Eqs.
(4) and (1), respectively. The heat transfer coefficients
h2 and h4¼ 400 W/(m2 K) are assumed to be the same
as that from solid to static water. In reality, the values
of thermal flow and temperature in Eqs. (9)e(13)
change with a moving sonde over time; however, in
the present study this complicated unsteady state
was simplified to a steady state. After reaching
a steady state, the heat flow is equal in each layer;
that is, Q1¼Q2¼Q3¼Q4¼Q5¼Q. The heat flow
Q provides the thermal supply per unit length required
for the radial direction.4. Estimation of thermal loss during the
melt-drilling experiment
To investigate thermal loss during the melt-drilling
experiment, we performed numerical thermal calcula-
tions for the experimental conditions using the method
described in Section 3.1. In this study, thermal loss is
defined as the ratio of heat not used for heating and
melting ice at the sonde bottom to the thermal supply
for the bottom heater. The maximum thermal supply
for the bottom heater was calculated to be 113 W based
on its diameter of 38 mm and watt density of 10 W/cm2.
The time required to penetrate to a depth of 120 mm
into the ice block at 20 C was calculated for 113 W
of thermal supply.
The drilling charts calculated for the various cases
of thermal loss are shown in Fig. 6. In the case of no
thermal loss (i.e., all 113 W of the thermal supply is
used for the heating and melting of ice at the bottom
of the sonde), the numerical calculations yield an aver-
age ROP of 42 cm/h; however, the maximum ROP in
the experiments was 15 cm/h, thereby indicating sig-
nificant thermal loss. The maximum ROP attained us-
ing the flat-type steel head was recorded in Run
F-85-50, and that with the conical-type copper head
was recorded in Run CH-85-50. Comparing the drilling
charts for these runs with the calculated charts for var-
ious amounts of thermal loss, the thermal losses appear
22 Y. Suto et al. / Polar Science 2 (2008) 15e26to be 65% for Run F-85-50 and 50% for Run CH-85-50
(Fig. 6). It is expected that the amount of thermal loss
can be reduced in the future by improving such factors
as, for example, the shape of the heater and its
arrangement.
5. Thermal calculations for the sonde and cable
For thermal calculations at the field scale, we as-
sumed a cablewith a diameter of 10e20 mmand a sonde
with a diameter of 150 mm, length of 1 m, and wall
thickness of 10 mm. A bottom heater is used to heat
and melt the ice and a side heater is used to retain
melt-water around the sonde. First, we calculated the
thermal supply required for the bottom heater to pene-
trate to the target depth within a reasonable number of
days, then the thermal supply required for the side heater
to preventmelt-water from re-freezing. The sumof these
two thermal supplies yields the thermal supply required
for the sonde’s heater. We also calculated the thermal
supply required for the cable to maintain melt-water.
Three types of glacier ice were considered in the
calculations: (i) temperate glacier ice for which the
temperature is constant at 0 C from the surface to
300 m depth, (ii) cold glacier ice for which the temper-
ature is 25 C at the surface and 0 C at 1000 m
depth, and (iii) an ice sheet for which the temperature
is 55 C at the surface and 0 C at 3000 m depth. A
linear temperature-depth profile was assumed for the
cold glacier ice (scenario (ii) above) and ice sheet
(scenario (iii) above).
5.1. Thermal supply required for the sonde’s
bottom heater
The numerical calculation described in Section 3.1
was performed to investigate the thermal supply re-
quired for the sonde’s bottom heater and the ROP in
the assumed glacier ice. For each type of glacier ice,
we set the target depth and target time in reaching
the depth. The aim was to reach the target depth in
a reasonable time. The target time was determined as
10 days for temperate glacier ice (scenario (i)),
1 month for cold glacier ice (scenario (ii)), and
2 months for ice sheet (scenario (iii)). The thermal sup-
ply required for the bottom heater of the sonde to
achieve the target times was calculated assuming
50% thermal loss, based on the results presented in
Section 4. The minimum thermal loss for a flat-type
steel head was 65%; however, this figure is expected
to improve to approximately 50% with the use of
a higher cone-type steel head.Drilling charts obtained from the calculations are
shown in Fig. 7. The thermal supply shown in Fig. 7
is for the bottom heater. In Fig. 7b and c, it is apparent
that the ROP increase slightly with depth because the
temperature of the ice increased with depth. For tem-
perate glacier ice (scenario (i)), it takes 2.5 days at
20 kW or 5 days at 10 kW to drill to 300 m depth.
The minimum thermal supply required for the sonde’s
bottom heater is 4.8 kW to reach the target depth in
10 days at an average ROP of 1.34 m/h. For cold glacier
ice (scenario (ii)), it takes 8 days at 20 kWor 16 days at
10 kW to drill to 1000 m depth. The minimum thermal
supply required for the bottom heater is 5.6 kW to reach
the target depth in 1 month at an average ROP of
1.47 m/h. For ice sheet (scenario (iii)), it takes
25 days at 20 kW or 42 days at 12 kW to drill to
3000 m depth. The minimum thermal supply required
for the bottom heater is 8.0 kW to reach the target depth
in 2 months at an average ROP of 2.03 m/h.
5.2. Thermal supply required for the sonde’s
side heater
The thermal calculations described in Section 3.2
were performed to investigate the thermal supply
required for the sonde’s side heater in penetrating the
assumed glacier ice. In the calculation for the side of
the sonde, the parameters were the thickness of the
water layer thw (¼ r4  r2) and the distance at which
the ice temperature was maintained at its initial tem-
perature (r5), as both of these factors are unknown in
the field. The calculation boundary was defined as
the distance r5. As mentioned in Section 3.2, a steady
state is assumed in calculating the radial thermal flow;
however, a calculation with a small value of r5 can be
considered to show an early stage of unsteady-state
heat flow. Therefore, immediately after the sonde rea-
ches a given depth, it is possible that the distance r5
at that depth is small.
The distance r5 was estimated by comparing the re-
sults of the laboratory experiment with the calculations
performed under the experimental conditions for the
side heater. The temperature of ice at r5 in the experi-
ments was assumed to be 20 C because the ice block
was kept in this temperature condition. The tempera-
ture upon the inner surface of the sonde T1 was set at
50 Cdthe same temperature as that of the side heater
in the experiment that yielded the minimum thermal
loss (Runs F-85-50 and CH-85-50). The thickness of
the water layer was set to be 1 mm because the diam-
eter of the drilled hole after completion of the experi-
ments was less than 52 mm. The calculation performed
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distance from the ice wall to the point at which the
ice temperature was maintained at its initial tempera-
ture (r5  r4) was 7.5 mm, and the distance r5 was
33.5 mm for the experiment-scale sonde.
In thermal calculations for the side of the sonde at
field scale, we used a constant r5  r4¼ 7.5 mm. The
layer of melt-water was assumed to have a thickness
of 1, 3, or 5 mm, assuming more severe conditions
than those in the experiment. Using r5  r4¼ 7.5 mm,
the distance r5 at field scale was estimated to be 83.5,
85.5, and 87.5 mm for thicknesses of the water layer of
1, 3, and 5 mm, respectively.
For temperate glacier ice (scenario (i)), thermal sup-
ply is not required for the side heater of the sonde be-
cause its temperature is 0 C. To estimate the
maximum thermal supply required for the side heater
of the sonde when drilling in cold glacier ice (scenario
(ii)) and ice sheet (scenario (iii)), the ice temperature at
r5 was assumed to be 25 C for scenario (ii) and
55 C for scenario (iii), representing the most severe
conditions. As shown in Table 2, the calculated thermal
supply required for the side heater to maintain the as-
sumed thickness of water layer was 4.2e4.4 kW in
cold glacier ice (scenario (ii)) and 10.6e11.1 kW in
ice sheet (scenario (iii)). The calculation results reveal
that even under the most moderate conditions (thick-
ness of water layer: r4  r2¼ 1 mm; distance at which
the ice temperature was maintained at its initial tem-
perature: r5¼ 83.5 mm), when penetrating close to
the surface it is necessary to maintain the temperature
of melt-water (average of T3 and T
0
3) at 28
C in cold
glacier ice (scenario (ii)) and 63 C in the ice sheet
(scenario (iii)), and to maintain the temperature of
the inner surface of the sonde wall (T1) at 59
C in
cold glacier ice (scenario (ii)) and 148 C in the ice
sheet (scenario (iii)).
5.3. Total thermal supply required for the
sonde’s heaters
Table 2 lists the total thermal supply required for the
sonde‘s heaters, as determined from the thermal sup-
plies required for the bottom heater (as calculated in
Section 5.1) and the side heater (as calculated inFig. 7. Drilling charts compiled for several types of glacier ice under
various conditions of thermal supply to the sonde heater. (a) Temper-
ate glacier ice with a temperature of 0 C from the surface to 300 m
depth. (b) Cold glacier ice with a temperature of 25 C at the sur-
face and 0 C at 1000 m depth. (c) Ice sheet with a temperature of
55 C at the surface and 0 C at 3000 m depth.
Table 3
Effect of the thickness of the melt-water layer (thw¼ r4  r2), cable
diameter, and the distance along which the ice temperature is main-
tained at the initial temperature on the thermal supply required for
the cable
thw: r4  r2 Required thermal supply (kW)
Cable diameter¼ 10 mm Cable diameter¼ 20 mm
r5¼ 5 m 20 m 100 m r5¼ 5 m 20 m 100 m
(a) Drilling through cold glacier ice (scenario (ii)) to 1000 m depth
1 mm 27.7 23.0 19.2 30.5 24.9 20.5
3 mm 29.0 23.8 19.8 31.3 25.4 20.8
5 mm 30.0 24.5 20.3 32.1 25.9 21.2
(b-1) Drilling through an ice sheet (scenario (iii)) to 3000 m depth
1 mm 203 168 140 223 182 150
3 mm 212 174 145 229 186 153
5 mm 220 180 148 235 190 155
(b-2) Drilling through an ice sheet (scenario (iii)) to 1000 m depth
1 mm 118 97.9 81.7 130 106 87.1
3 mm 123 101 84.2 133 108 88.7
5 mm 128 104 86.2 137 110 90.2
(b-3) Drilling through an ice sheet (scenario (iii)) to 500 m depth
1 mm 66.2 54.9 45.8 72.8 59.3 48.9
3 mm 69.2 56.9 47.2 74.8 60.7 49.8
5 mm 71.7 58.6 48.4 76.7 61.9 50.6
For an ice sheet (scenario (iii)), we also calculated the thermal supply
required for the cable to retain melt-water to 1000 and 500 m depth.
See Fig. 5 for an explanation of r2, r4, and r5.
Table 2
Effect of the thickness of the melt-water layer (thw¼ r4  r2) on the
thermal supply required for the side heater of the sonde and the total
thermal supply
thw: r4  r2
(mm)
Distance: r5
(mm)
Required thermal supply (kW)
Bottom heater Side heater Total
(a) Drilling through temperate glacier ice
(scenario (i)) to 300 m depth
e e 4.8 0.0 4.8
(b) Drilling through cold glacier ice
(scenario (ii)) to 1000 m depth
1 83.5 5.6 4.2 9.8
3 85.5 4.3 9.9
5 87.5 4.4 10.0
(c) Drilling through an ice sheet
(scenario (iii)) to 3000 m depth
1 83.5 8.0 10.6 18.6
3 85.5 10.8 18.8
5 87.5 11.1 19.1
In all calculations, the distance from the ice wall to the point where the
ice temperature was maintained at the initial temperature (r5  r4) was
fixed at 7.5 mm, based on the results of laboratory experiments. See
Fig. 5 for an explanation of r2, r4, and r5.
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ness of the water layer: r4  r2¼ 5 mm; distance at
which the ice temperature was maintained at its initial
temperature: r5¼ 87.5 mm), the total thermal supply
required for the sonde’s heaters was 4.8 kW in temper-
ate glacier ice (scenario (i)), 10.0 kW in cold glacier
ice (scenario (ii)), and 19.1 kW in the ice sheet (sce-
nario (iii)). Although the calculations were performed
under a limited range of conditions and with various
assumptions, the results provide a rough guide to the
expected ROP and drilling time required when melt-
drilling is carried out in the field.
5.4. Thermal supply required for the cable
We also considered the thermal supply required to
maintain a layer of melt-water around the cable. Calcu-
lations of the thermal transfer from the cable to its sur-
roundings were performed according to the method
described in Section 3.2, being similar to the method
employed for the side of the sonde (Section 5.2). In re-
ality, any point in the ice at any depth is considered to
be affected by heat from the sonde, not only when the
sonde penetrates that depth but also before and after.
However, it is a difficult task to simulate the complex
way in which the thermal flow changes with the mov-
ing sonde and elapsed time. In this study, the calcula-
tion for the cable was performed separately for eachsection along the depth direction; that is, heat transfer
between the upper and lower sections of the ice was
not taken into account. In these calculations, the cable
diameter (r2) was considered as a parameter in addition
to the thickness of the water layer (r4  r2) and the dis-
tance at which the ice temperature was maintained at
its initial temperature (r5). It was assumed that the di-
ameter of the cable was 10 or 20 mm and that the
thickness of the melt-water layer was 1, 3, or 5 mm.
The distance r5 was assumed to be 5, 20, or 100 m be-
cause a relatively long time should be considered for
the cable, in contrast to that for the side of the sonde.
For temperate glacier ice (scenario (i)), no thermal
supply was needed for the cable because its tempera-
ture is 0 C. For cold glacier ice (scenario (ii)) and
ice sheet (scenario (iii)), the calculated thermal sup-
plies required for the cable are shown in Table 3. For
cold glacier ice (scenario (ii)), 19e32 kW is required
to maintain a water layer along 1000 m of cable (Table
3a). For the ice sheet (scenario (iii)), 140e235 kW is
required to maintain a water layer along 3000 m of
cable (Table 3b-1). The calorific value required for
the ice sheet (scenario (iii)) is more than 12 times
25Y. Suto et al. / Polar Science 2 (2008) 15e26that required for the sonde; supplying thermal energy
to the cable is therefore more important than supplying
energy to the sonde. We also calculated the thermal
supply required to maintain a water layer along 1000
or 500 m of cable within the ice sheet (scenario (iii))
(Table 3b-2 and b-3, respectively), yielding values of
82e137 kW and 46e77 kW, respectively. Although
these values are much less than that required for
3000 m depth, they still represent large amounts of en-
ergy. To supply the calculated calorific value required
for drilling into the ice sheet (scenario (iii)) would re-
quire a number of electric generators, which at present
is unfortunately not realistic; however, given the cur-
rently employed generator capacity of 24e30 kW, it
would be possible to provide the thermal supply re-
quired by the sonde and cable in penetrating glacier
ice (scenarios (i) and (ii)) using the proposed system.
It would even be possible to drill to 300 m depth in
an ice sheet (scenario (iii)) at 30 kW.
The successful development of the proposed system
requires a cable of high strength and with an internal
heating element; however, no existing cables satisfy
both of these requirements. It will therefore be neces-
sary in the future to develop a new type of cable, includ-
ing appropriate materials, wire structure, and heater
structure. For drilling into an ice sheet (scenario (iii))
under conditions such as those encountered at Dome
Fuji, Antarctica, it will be necessary to consider
a method of retaining water around the cable, in addi-
tion to heating. Calculations with a greater accuracy
are also required in estimating heat flow during penetra-
tion. The calculations must link the moving thermal
source (sonde), ice melting, and heat flow in the ice.
6. Summary
This paper proposed a melt-drilling system that is
able to obtain a contamination-free melt-water sample.
We conducted laboratory experiments, utilizing a small
replica sonde, to investigate the effects of heater tem-
perature and the shape and material of a drill head
on the rate of penetration (ROP). Based on the experi-
mental results, thermal calculations were performed to
quantitatively investigate the feasibility of providing
the required electrical thermal supply for a melt-dril-
ling device equipped with the proposed system. We
calculated the thermal supply required for the sonde
and cable under different conditions of glacier ice
and ice sheet. Considering the capacity of currently
employed generators, the calculation results suggest
that it would be possible to penetrate to a depth of
1000 m in temperate and cold glacier ice and a depthof several hundred meters in an ice sheet using the pro-
posed system.
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